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ABSTRACT
The free-expansion of a thin ving has been used to measure the dy- i
namic flow curves of five materials at strain rates of the order of 5000 per
second. The technique involves calculation of the second derivative of the

strain-time record obtained by high-speed photography. This report contains
the strain-time records and resultant flow curve equations for these five ma-

terials. This report also includes a summary of the treatment and properties j
at low strain rates of the ring materials used in this work and in the dynamic
uniform elongation to failure work described in the Second Interim Report

(WAL TR 111.2/20-1).
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. INTRODUCTION

The behavior of materials in high energy rate forming operations is
determined by two distinct factors. The first of these involves the deformation
mechanics of the picce being formed; that is, it has to do with the propagation
and interaction of the plastic strain waves by which deformation occurs. The
second involves only the effect of rate of strain on the deformation of the ma-
terial (in the microscopic sense) and the resultant changes in stress levels and
ductility in the matenal.

The First Yearly Progress Report (WAL TR 111.2,20) describes a
technique for measuring the high strain rate mechamcal properties of materials
under conditions where the first of these factors. the deformation mechanics, 1s
greatly simplified. The technique involves the observation of a freely expanding
ring of the matcerial which has been given an intial radial velocity outward by an
explosive-generated shock wave. High-speed photographic observation of the ring
leads to a measurement of the strain in the ring as a function of time. The second
derivative of *his relation is directly proportional to the stress in the ring ar any
instant in time. (See WAL TR 111.2/20.)

The ring experiment represents a deformation system in which the
stress in the ring is everywhere umiform and uniaxial. It thus provides a meas-
ure ot the mechanical behavior of materials at high rates of strain in the ahsence

of plastic waves.

We have used this technique to measure the high strain rate swress-
strain relation for five materials. Included in this report is a detailed descrip-
tion of the materiais used in this study. We have also included here the raw
diameter-time data which were obtained from the photographic records in these
tests, and the high strain rate stress-strain relations which have been calculated
from these data. The details of the experimental technique and interpretation and
discussion of these results will form the basis of a later report.

The Second Interim Report (WAL TR 111.2/20-1) for this program deals
with the use of this ring tcechnique to measure the uniform elongation to failure of
a number of materials at high rates of strain. The ring represents a system which
1s deforming under a homogencous, uniaxial stress systeimn. By expanding the rings
to failure with a grid on them, it 1s possible to measure the elongation in regions
away from necks and failures. This mecasurcment represents the usable ductility
of a material at these strain rates under these loading conditions. The results of

this program are given in detail in the Second Interim Report (WAL TR 111 2:20-1).

This report contains a more detaiied description of the propertics of the materials
that were used in this program.

Arthur 8 Linle Inc.
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i . MATERIALS USED IN THE RING EXPANSION PROGRAMS

Dynamic stress-strain measurements in the second series of experi-

.
ments were made on five materials: 99.995% aluminum, 7075-T6 aluminum,
Armco iron, 304 stainless steel, and titanium - 6 aluminum - 4 vanadium. The
uniform elongation to failure tests were reported in the Second Interim Report

' (WAL TR 111.2/20-1) for seven materials: 7075-T6 aluminum, titanium - 1
6 aluminum - 4 vanadium, 304 stainless steel, 1013 steel, Armco iron, hardened 4‘

and tempered 4340 steel, and annealed 4340 steel. There was a rtotal of eight
different materials used. Those which were used in hoth programs were used in
identical conditions, so the properties given in this section for these materals
apply to them for both the stress-strain work and for the uniform elongation to
failure program.

A. MATERIALS

The sources of the rings and tensile specimens used are given 1a

Table 1. The rings were taken from transverse sections of bars or tubes. In

; peneral, it was not possible to obtain tensile specimens 1 the low stram rate i

comparisons whose axes lav in the transverse section.
specimens is therefore also indicated in Table 1.
specimens were nof taken from the same pivce of stock.

In some cases, the tensile

The source of the tensile

These cases a1c also

B meem o

indicated in Table 1. Tabie 11 lists the treatments given the specimens after
fabrication. The use of standard tensile specimens taken in directions other than
that of the rings was necessitated by the lack of a method for expanding rings to
failure at low rates of strain while measuring stress and strain values. The usce
of tensile specimens from directions other than the ring directions introduces the
. problem of material anisotropy. In order to measure differences due to anmsotropy.
hardness measurements were taken ar the direction of major strain for the rings
and tensile speciimens before deformation.  These harduesses are given in Table
. lII. They are the average of four readings for cach specimen. Although thesce
data are not complete, they do provide some indications as to the valae of the
tensile specrmens tor providing the Tow straimn rate comparison data. The only
two materials for which there are signmficant hardness differences between the
ring and tensile specimens in the direction of major strain are the Titanium -
O aluminum - 4 vanadium and the hardened 4340 steel.  In the case of the high
stran yate stress-strain measurements on the Ti-6A1-4V alloy, the mmcreased
stress level on rings at high strain rates cannot be a result of this anisotropy.
sice the teasile hardness nuinber 1s the higher of the two. The hardness difter-
cnee 1s in the wrong direction to account for a part of the high strain rate stress
merease for this materiai

Qrthur . Lietle. Inc. “-
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The hardness differences for both materials could possibly explain the
e reased ductility for the rnings of both materials.  The hardness differences are
in the right direction. However, the magnitudes of the expected ductility changes
due to these hardness differences are much lower than the differences which we
have observed and ascribed to the strain rate effect. For example, the hardness
difference for the 4340 steel would be expected to increase the total elongation to
failure from 137 for the harder marerial to 13,37 for the softer material at low
stram rates.!

In fact. we ohlserved a change in the unitorm elongation from 2% for the
& & ¢

tensile spectnien to 9070 1or the ting. This difference must be almost compietely
ascribed to the change in strain rate.

B. TENSILE PROPERTIIS

The tensile properties at low strain rates were carried out on spect-
mens having 3/8-inch dramceter threaded ends and o 00125 -1mch square cross
section over a 1-1/2-inch gauge length . The specimens were approximately 3
inches i over-atl length. (Scee Fagare 4, Sceond Interim Report, WAL 11H.2,20-0 )
They were pulled in an lustron machme at stram rates of the order of 1073 per
second. Umform and total elongation measurements were made on the specimen
itself by means of a photo-deposited grid. The strain axis on the stress-strain
curves was adjusted for the measured total clongation

The tensile stress-strain curves for the eight materials ave given in

Figures 1 - 8. Inaddition. Table TV lists the values of the vield and tcasile
strengths, and the uniform and total clongations.

1. AMetal Data, Samuel L. Hovt. Reinhold Publishing Corporation (New York,
1952) p. 123.

Avrthur O Litle Ine.
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M:\TERI:&}_
99.99 Alumimuim
TO75TO Alumiinum

S04 Stainless Stee!

Armceo lron

Titamum
6 Al

4 Vanadium

1015 Steel

1340 Steel

TABLE 1

SOURCES OF MATERIAL

SOURCE QF RING

SPECIMENS

Transverse - bar

Transverse - bar

I'ransverse -
Scamless wibe
Transverse - from
2-1/4 inch diameter

bar

Transverse - bar

Transverse -
Seamless tube

Transverse - bar

;l

SOURCE OF TENSILE R
SPECIMENS

Longitudinal - har
Longitudinal - bar

Longitudinal - from ,
1,2 ciameter bar ]

Longrudinal - from
1/2 diameter bar

Trunsverse - bar

bl

Plate

Longitudinal - bar

Arthur D Little. Ine. ‘ *
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MATERIAL

93 99 Aluminum

TU73-T6

304 Stainless Stect

Armeo lron

Ti-6AL-4V

1013 Steel

4340 Steel (anncaled)

4330 Sreel (hardened)

CABLE 1T

j
3
=
3
4
E
é

HEAT TREATMENT

TREATMENT

Forged from high purity Al ingot. Annealed at 300°C 7 ,

for 20 nunutes.

+ b

Used as received in the T6 condition.
Apncalted at 1925°F, 172 hour: water guenched.
Anneated at 17007F, 1.2 hour: furnace -cooled.

Used as received (row Watcrtown Arsenal
{Solution treated, aged at 1100° F).

Anncated at 1600°F, 172 hour: furnace-cooled.
Anneated at 1350°F, 172 hour: furnace - cooled.

Austenitized at 16007F, o1l quenched; tempered at

800°F, 1 hour.

Arthur D Aitle. Ine.
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1' , TABLE 111
|
_I}-’IATERIAL HARDNESSES - VICKERS PYRAMID NUMBER
Taken on ring and tensile specimen cross-section surfaces
MATERIAL RING TENSILE
99.99 Aluminum --- ---
7073-T6 Aluminum 187 205 #
304 Stainless Steel 282 271 ]
I' Armco Iron - .- ---
e Ti-6Al-4V 383 415
1013 Stee!l 124 133
4340 (A) 277 275 ]
: E
. 4340 (H) 403 494
i1,
i
{F
i
Arthur . %ittle, Inc. :
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1l HIGH STRAIN RATE STRESS-STRAIN DATA

High speed photography was used to measure the displacement- time
behavior of rings of five materials 1n the sccond series of tests to measure high
strain rate plastic flow parameters. The second derivative of the displacement-

Y tme curve can be used to calculate the stress as a function of strain by the
equation’

where = as the stress. ¢ 1s the aensity, 171s the instantancous radius, r,1s
the original radius, and € 1s the instantancous rate of change of strain rate.  The
derivation of this equation can be found in the First Yearly Progress Report (WAL

TR 111.2/20)

The raw displacement-time data for these tests are given in Tables V T
through IX.  The values of the diametors are given i terms of measurements
on magnified 1mages of the high speed photographs. and as such are in arbitrary
units. 1t will be noted that the first few frames of each test give appiroximately
constant diameter values. These are frames of the ring before expansion begins.
The original diameter of the ring i the arbitrary umt system is calculated by
averaging the values 1n these first frames. There were 25 frames in each test;
measurements which are missing represent frames 1n which the 1mage was fuzzy
or obscured by gas clouds.

In the first series of tests, reported in WAL TR 111 2/20, numerical
techniques were used to fit curves to the raw data for cach test. Stress, strain,
and strain-rate were calculated numerically from the equations for these curves.
In this latter series, 1t was found that the displacement-tirne curves were too
complex to be approximated by simple polvnomal expressions, so graphical tech-
niques were used to fit the curves and obtain the second derivatives. Within the

"y

Q
» accuracy of our data and the graphical techniques, we were able to obtain only
N average stress levels or, at best, linear stress-strain relations. The results
* j’ for each test are given in Table X A more complete description of the experi-
‘A mental technique, and a companson of the results with low strain rate results
,1 w11l be given in the Fifth Interim Report (WAL TR 111.2/20-4)

1
o

3

»

g
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\ TABLEY
RING DIAMETER - TIME DATA
‘ 99997 ALUMINUM
Test No. 121 Test No. 128 Test No. 129
Frame Frame Separation Frame Separation Frame Separali
No._ 4.00 Mic roseconds 4.00 Microseconds 4,00 Microseconds
Diamelter Dameter Diameter
1 30,00 30.00 30.00
2 30.15 30.05 30.10
3 30). 35 30. 40 30.45
4 30.03 30.70 30.70
5 31.00 31.00 31.00
O 31.25 31.25 31.30
7 21 40 31.45 31.50
\ 5 31.05 31 65 31.65
‘ 9 31,85 31.90 31,80
! 1 32.00 32.10 32.00
11 32.13 32.30 32.15
12 32.25 32.40 32.25
13 32.35 32.30 32.33
14 32.45 32.63 32.40
15 32.50 32.70 32.45
10 32.55 32.30 32.350
17 32.30 32 8> 32.50
13 32.30 32.8% 32.40
19 32.50 32.85 32.50 ]
20 32 30 32.85 32.30 1
. 71 32.50 32.80 32.45 3
R 22 32.5C 32.85 32.50 %
= 25 32.30 32.85 32.50
= 24 | 32.90 32.50 :
o 25 Gas 32.85 32.50
3 E
7-* 3
b 3

_»‘;” ey
e . a .

[

aild,

Auaul
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1 TABLE V (Continuc:d_)

99 .99% ALUMINUM (Cont. )

{ Test No. 130 Test No. 131 Test No. 140
£ Frame Frame Separation Frame Scparation Frame Scparation
{ _No. 4.00 Microseconds i._Qﬂi\lic roseconds 4.00 Mic go_sgg.gllgi
] Diameter Diameter Diameter
; 1 30.03 26.95 30 00
2 30,10 30.00 3000
i 3 30.35 30. 33 30.30
4 30,60 30 59 30.70
3 3085 30,50 3110
t o 31 10 31.10 31 33
7 31.25 31.25 31.635
¢ 8 3145 31.53 31.83
: 9 31.63 31.63 32.10
L 1o 31,50 31.93 32.35
E ! 11 32.00 3210 32 60
, 12 32.10 32.20 32.73
E 13 2.20 32.30 32.95
14 32.25 3240 33.10
’ 15 32.30 32.45 33.15
16 32.30 32.50 33.25
17 32.30 3255 33.25
18 3230 32.53 33.30 ]
19 32.30 32.60 33.30 .
20 32.30 32.00 33.30
21 32.30 32.00 33.30
‘ 22 32.30 32.00 33.30
: 23 32.30 32.60 33.35 .
3 24 32.30 32.05 33.35 _
~ 23 32.30 32 00 ¥ Gas
vy i
¥
‘9

QArthur D Riele Ine,
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TABLE VI

RING DIAMETER - TIME DATA
7075 -T6 ALUMINUM

Test No. 137 Test No. 140 Test No. 141
Frame Frame Separaticn Frame Separation Frame Separation
_No. 2.67 Microseconds 2.67 Microseconds 2.67 Microseconds
Diamerter Diameter Diameter
1 30.00 30.00 30.00
2 29.90 29.95 30.00
3 29.90 30.25 30.30
4 30.15 30.70 30.65
5 30.70 31.00 31.05
6 31.10 31.20 31.25
7 31.45 31.25 31.35
8 31.65 31.35 31.40
9 31.85 31.35 31.45
- 10 32.00 31.40 31.40
. 11 32.25 31.60 31.40
12 32.50 31.70 31.40
13 32.75 31.80 31.45
14 33.30 3t.9¢ 31.50
15 33.35 32.00 31.45
16 33.90 32.10 31.50
17 24.20 32.20 31.60
18 33 30 32.30 31.60
19 34,20 32.50 31.70
20 34.50 32.060 31.85
21 34.50 32.75 31.95
; 22 34.50 32.585 32.00
3 23 34.50 13,00 32.05
’ 24 34.50 - 32.10
» 25 34.50 - 32.10
i
g
b
1
q
i
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3
<
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TABLE VI (Continued)
7075-T6 ALUMINUM (Cont.)
Test No. 142
Frame Framc Separation
No. 2.67 Microseconds
Diameter
1 30 00
2 29 95
3 30.00
4 30.35
) 30.75
6 3115
7 31.35
8 31.30
9 31.60
10 31.63
11 31.85
12 32.15
13 32.30
14 32.45
15 32.60
16 32.75
17 32 95 3
18 33.10 3
19 33.30 g
20 33.50
21 33.60 g
22 33.70 i
2 33 90 i
24 34.10 E
25 34.35 q
[;1
3
Arthur 0. Little Inc. l
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TABLE VIL
RING DIAMETER - TIME DATA
TITANIUM - 6 ALUMINUM - 4 VANADIUM
Test No. 123 Test No. 138 '
Frame Frame Separation Frame Separation i
_No. 2.67 Microseconds 2.00 Microseconds 3
Diameter Diameter ;
1 3000 29.90
2 30.00 30.00 H
3 30.00 30.00 1
4 30.10 30.15
5 30.60 30.45
' 6 31.00 30.75
7 31.25 31 10
g 8 31.45 31.30 }
9 31 63 31.40 :
' 10 31.85 31.55
11 32 20 31.95 i
12 32.35 32.13 i
13 32.45 32.25 %
14 32.60 32.50 £
15 32.65 32.65 ]
16 32.75 32.80 E
17 32.60 32.90 3
18 32.75 33.00 ;
19 32.60 33.15
. 20 32.85 33.25 E
21 32.60 33.25 :
j 22 32 85 33.30
. 23 32.65 33.35
o 24 32.85 33.35
o 25 32.85 33.35 3
&
£
- |
QAvthur D . Little Inc. 3
el oW TR T L A S e j
s o S S N .



22
‘- TABLE VI
! RING DIAMETER - TIME DATA
304 STAINLESS STEEL
Test No. 112 Test No. 114 Test No. 115 8
Frame Frame Separation Frame Separation Frame Separation _{
No. 4.00 Microseconds 2.67 Microseconds 2.67 Microseconds k|
Diameter Diameter Diameter F
1 30.10 - 30.05 é
2 30 30 - 29.95 <
$0.73 30.15 30.05 j
31.15 30.15 30.33
3 51.50 30.15 30. 80
3 31.75 30 40 31.25
B 31.95 30.75 31.55
8 32.15 3115 31 90
i 9 32.20 31.45 32.25
‘ 10 32.25 31.75 32.60 :
v 11 32.25 32.05 32.90
. 12 32.15 32.30 33.15 ;
P 1 13 32.15 32.35 33.40 3
e 14 32.10 32.75 33.65
; 13 32.05 32.95 33.85 133
. 16 32.05 33.15 34.00
17 32.10 33.23 34.15
' 18 32.05 33.40 34.25 L33
19 32.10 33.55 34.45
20 32.15 33.60 34.55 {
21 52.20 33.65 34.65 t1s
22 32.20 33.63 34.70 .
23 32.15 33.65 34.80 1
24 32.20 33.65 34.90 il
25 32.20 33.65 34.95 £

[ ——
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TABLE VIII (Continued)

304 STAINLESS STEEL (Cont.)

Test No. 116 Test No. 124 Test No. 125
Frame Frame Separation Frame Separation Frame Separation
No. 2.67 Microseconds 2.67 Microseconds 2.67 Microseconds
Diameter Diameter Diameter
1 30.15 30.00 29.90
2 30.10 29.95 29.95
3 30.18% 30.10 30.00
4 30.40 30.50 30.15
5 30.90 31.00 30.50
6 31.25 31.30 30.80
7 31.50 31.55 31.10
8 31.75 31.80 31.40
9 32.10 32.00 31.65
10 32.30 32.25 31.85
11 32.60 32.50 32.15
12 32.75 32.70 32 35
13 33.00 32.83 32.55
14 33.15 33.00 32.73
15 33.25 33.10 32.85
16 33.35 33.20 32.95
17 33.40 33.25 33.05
18 33.40 33.20 33.10
19 33.50 33.25 33.15
20 33.50 33.20 33.15
21 - 33.10 33.05
22 - 33.10 33.05
23 33.10 33.00
24 33.10 33.00
25 33.10 32.85
q Avthur D.ULittle.Inc.
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RING DIAMETER - TIME DATA

TABLE IX

{

Test No.

Frame Frame Separation

No. 2.67 Microseconds

Diameter

| 30.05
2 30.00
3 30.10
4 30.35
5 30.65
6 30.95
7 31.15
8 31.40
9 31.50
10 31.60
11 31.7%

‘ 12 31.85
13 31.95
14 32.00
15 31.95
16 31.95
17 31.85
18 31.80
19 31.85
20 31.90
21 31.90
22 31.90
23 31.90
24 31.90
25 31.90

ARMCO IRON

Test No. 122
Frame Separation
2.67 Microseconds

Diameter

30.
30.
30.
30.
30.
31.
31.
.65
31.
05
.25
32.
32.
.60
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.
32.

31

32
32

32

00
00
15
45
80
15
40

85

40
50

65
65
65
65
65
60
05
65
60
65
65

Test No. 127
Frame Separation
2.67 Microseconds

Diameter

30.
23.
30.
30.
30.
30.
31.
.70
32.
32.
32.
.65
.80
.95
33.
33.
33.
33.
33.
33.

31

32
32
32

Arvthur D.Uittle Ine.
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95
00
15
50
95
35

10
30
S5

15
35
45
60
75
85
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TABLE IX (Continued)

o ARMCO IRON (Cont.)

Test No. 134 Test No. 135
. Frame Frame Separation Frame Separation
No. 2.67 Microseconds 2.67 Microseconds
Diameter Diameter

1 30.00 30.00

2 29.95 30.00

3 29.95 30.10

4 30.10 30. 40
: 5 30.55 30.95
! 6 30.80 31.36
; 7 31.25 31.60
i 5 31.55 31.80
i 9 31.85 32.00
§ 10 32.10 32.20 :
o 11 32.35 32.35 i
! 12 32.60 32.50 é
i 13 32.70 32.63 £
i 14 32.95 32.75 3
f | 15 33.03 32.95 E|
E ) 16 33.20 33.10 é
3 17 33.30 33.15 é
- 18 33.40 33.15 |
§ 19 33.50 33.20 1
3 20 33.55 33.30 3
, 21 33.55 33.25 3

22 33.60 33.25 3

23 33.55 33.25

24 33.30 33.20 ;

25 33.20 4

Arthur D.NLittle. Ine.




_.,rrs__,_l_Etlﬂ_,.,._ar,____,E.._-__.‘EL..,.-._..”&_E?E_;. "

01 - 1

NIVYLS LN3O¥3d
FONVY

26

00S 9
00¢ ‘¥
00S ‘L
0L6'¥

—— — .

kil

000862 = 2% o 0588
00085z = "% 5 00SL
000611 = 275 05$9
000 60T = 2T o 0148
000 st = MFo 0899
000 °0FT = Mo 0zhL
00L°01 = 34%s 001€

+ 30¥L = v 00<c
+2000°T = © 081¢
+ 3008 = © 0992
F o008 =9 09SZ
0c‘o1 = oM 0962
INAO¥Ed = 3 BER

1Sd = o 41vd NIVYLS TVLLINI

NOLLVT3Y4 NIVYLS-SSIY.LS

SLT1NS3Y FLVY NIV

X d14V.L

MLS HOIH

(4

-

8tT
gel

w1
%1
or1
Lel

9% 1
1l
0€1
6¢C1
81
171

"ON 1S3l

PR AS d
i ~

r~v

wnipeuep b
Wwnuniy 9

- wnweny,

wnauny

91.-€L0L

winuIwny

%66 66

TVIIHLVYVIN

~ Py Y.

¥
=
_
=
&
=]
o)
3
£
t ol
313




il

ol —— iﬁ LI w—"y = - . v " us B AR M S i
-
[ =
N =
=
&
&
b ™
=
=
)
(&3
. 3ae .
000 ‘0L1 = °7F, 0Z<9 el
, Sae.
00769 = %o 0£68 bl
. e,
Lo 006 921 = *"% 0219 Lzl wou]
. _ Famp, ,
00006 = 008 ¥ Zz] ooutzy
00F 0L + 001‘p = © 09Lp L1
006 ‘8¢ + 208L'E = ¢ 00T <zl
h e .
00g ‘0L = MU 0Z1¢ ¥Z1-
A 33 feinl |
o1 - 1 00LvL = PA%s 0cte 911 1S
SLQuUIRIQ
00F ‘€€ + 20TS°L = 7 000¢ 1l 14reIs
00S ‘L& + 3001°¢ = © 019% P yot
00S ‘PT  + 200L°C1 = » 011¢ AR
NIVYLS INTDuAd INEDY¥AEd = - Tt oas o T "ON 1S3 TIVINGIVIN
FONVY 1Sd = - 1LVY NIVY.LS TVILINI

NOLLVTHY NIVHIS-SSHULS

{(Ponuniuod) ¥ 4 T9vV.L

. c e - - B T T .o _ = - o . . e e T TV T T
& o - TR 0y L N o



29

TECHNICAL REPORT
DISTRIBUTION LIST

No. of Copies

A De_p_artment of Defense

Office of the Director of Defense Research & Engineering

Attn: Mr. j. C. Barrett

Room 3D-1085, The Pentagon

Washington 25, D. C. 1

e .

Commanding Officer

Defense Documentation Center

Cameron Station

Alexandria. Virginia 10

i } Defense Metals Information Center
Battelle Memorial Institute |
: Columbus, Ohio 1 3

Solid Propellant Information Agency

Applied Physics Laboratory

The johns Hopkins University

Silver Spring, Maryland 3

L

B. Department of the Army

Director, Army Research Office

Office, Chief Research & Development, U. §. Army

o Attn: Physical Sciences Division

' 3045 Columbia Pike

F . Arlington, Virginma 1

il Ll .

Commanding General

U. S. Army Materiel Command
Detachment I, Room 2502, Bldg. T-7
Attn: AMCRD-RS-CM
Washington 25, D. C. 1 :

Commanding General

U. S. Army Electronics Command 3
Attn: Mr. H. H. Kedesky

Fort Monmouth, N. J. 1 E

Commanding General, U. S. Army Missile Command
Attn:  Documentation & Technical Information Branch
Mr. R. Fink, AMSMI-RKX
Mr. E. J. Wheelahan, AMSMI-RSM
Mr. R. E. Ely
. Mr. T. N. L. Pughe
Mr. E. Fohrell
Redstone Arsenal, Alabama

vl sl 1y

—_—— e — = N

W Chaau L aul ke Ol Flliky zrtb“r m.uutle.ynt‘

k



Rt B PAF RS Y LY SRS AT

et

J0

DISTRIBUTION LIST (Continued)

Commanding General
U. S Army Wcapons Command
Attn: Mr. B. Gerke ASMWE-GA
Mr. G. Reinsmith, AMSWE-RDR
Rock Island Arsenal Laboratory
Rock Island. Illinois

Commanding General

U. §. Army Mobility Command

U. S. Army Tank-Automotive Center
Attn: Mr. S. Sobak

Detroit 9, Michigan

Commanding General
U. §. Army Munitions Command
Dover, New Jersey

Commanding Officer

Harry Diamond Laboratory
Attn: AMXDO-TIB
Washington 25, D. C.

Commanding Officer

U. §. Army Chemical & Coating Laboratory
Aun: Dr. C. Pickett

Aberdeen Proving Ground, Maryland

Commanding Officer
U. S. Army Materials Research Agency
Watertown Arsenal
Aun: AMXMR-PT
AMXMR-TICL
Watertown 72, Massachusetts

Commanding Officer

U. S. Army Munitions Command

Frankford Arsenal

Aun: Dr. H. Gisser, SMUFA-1330
Mr. H. Markus, SMUFA-1320
Mr. E. Roffman, SMUFA-1740

Philadelphia 37, Pa.

No. of Copies
1

Arthur . Listle. Ine,

l,A\l»J

vy

| B




31

( DISTRIBUTION LIST (Continued)

No. of Copies

Commanding Officer
U. §. Army Munitions Command
. Picatinny Arsenal
Aun: Mr. J. Matlack, Plastics & Packaging Lab
Mr. D. Stein
Dover, New Jersey

Commanding Officer

Boston Procurement District
Army Base

Attn; ORDEB-LD

Foston 10, Massachusetts

‘ Commanding Officer
U. S. Army Weapons Command
Springfield Armory

( Autn: Research Materials Lab
Springfield 1, Mass.

i J..\MHu“‘mlmnm‘\umm.mlmuLMMWAMUMMMMMiWUWWWM&WWMnWW

Commanding Officer

U. S. Army Weapons Command
Watervliet Arsenal

Attn: Mr. F. Dashnaw
Watervlier, New York

Director
PLASTEC
Picatinny Arsenal
Dover, New Jersey

et oo it e

C. Deparument of the Navy

E Chief, Bureau of Naval Weapons

! Department of the Navy

1 Attn: RMMP ]
" Room 2225, Munitions Building

| Washington 25, D. C.

N

T a

Department of the Navy
Office of Naval Research
Attn: Code 423
Washington 25, D. C.

Avthur A Uittle Ine.

s ‘
Y T T T Ty

- vem - e e P e e g Y e e—




{ DISTRIBUTION LIST (Continued)

Department of the Navy
: Special Projects Office
" Atne SP 271 ;
Washington 25, D. C. 1 : ’ 3

o, At B B 1 e N W 1

Commander

U. §. Naval Ordnance Laboratory

Attn: Code WM

White Oak, Silver Spring, Maryland 1

o e g

Commuander
U. S. Naval Ordnance Test Station
Attn: Technical Library Branch
' China Lake. California 1

el bt e Nt

Commander

U. S. Naval Research Laboratory

Atin: Mr. J. E. Srawley

Anacostia Station

- Washington 25, D. C. 1

oy

et bl o B,

D. Deparuuent of the Air Force

U. S. Air Force Directorate of Research & Development
Attn: Lt Col J. B. Shipp. Jr.
Room 4D-313. The Pentagon :
Washington 25, D. C. 1

Wright Air Development Division i
Aun: H. Zoeller., ASRCEE-1-2 2

R. F. Klinger, ASRCEM-1 2
Wright-Patterson Air Force Base, Ohio

6593 Test Group (Development)
Attn Solid Systems Division, DGSC
Edwards Air Force Base, California 1

AMC Aeronautica! Systems Center
Attn: Manufacturing & Materials Technology Div. LMBMO
Wright-Patterson Air Force Base, Ohio 2

s

.m,_
v

Arthur D . Uittle Inc.

-

L
W s — S ———— ————— T T T T eI s - o — -
N




33

DISTRIBUTION LIST (Continued)

o No. of Copies

E. Other Goverument Agencies

U. §. Atomic Energy Commission
Office of Technical Information Extension

omy MUmmwM‘MWWWMMMMWMWWWM it

f F. O. Box 62

: Oak Ridge, Tennessee 1 3

National Aeronautics and Space Administration

P Attn:  Mr. B. G. Achhammer 1 :

; Mr. G. C. Deutsch 1 E

¢ Mr. R. V. Rhode 1

Washington, D. C. ’
George C. Marshall Space Flight Center E

Aun: Dr. W. Lucas, M-S&M-M 1
; Mr. W. A Wilson, M-ME-M 1
! Huntsville, Alabama

Dr. L. Jaffe

Jet Propulsion Laboratory
California Institute of Technology
4800 Oak Grove Drive

Pasadena, California

™ BTG g

RSeS|

F . Defense Contractors

Aerojet-General Corporation
Autn: Laibrarian '3
Post Office Box 1168

Sacramento, California

Acrojer-General Corporation
Attn: Mr. C. A. Fournier
Post Office Box 1947
Sacramento, California

Aerojet-General Corporation

Attn: Labrarian
Azusa, California

Arthur 7 Little. Inc.

I

!
L‘i o i
Al bl

-y -~ — S - —— .-
. e — e il Sl S - -




iy s e

|

|
|

3

DISTRIBUTION LIST (Continued)

!\‘o. of Copies

Allison Division

General Motors Corporation

Attn: Mr. D. K. Hanink

Indianapolis 6. Indiana 1

ARDE-Portland, inc.

Attn: Mr. R. Alper

100 Century Road

Paramus, N. J. 1

Atlantic Research Corporation
Attn: Mr. E. A. Olcott 3
Shirley Highway and Edsall Road i 4
Alexandria, Virginia 1 .

Boeing Company

Acrospace Division

Aun: Mr. R. R. Barber, Library Unit Chief

Post Office Box 3707

Seattle 24, Washington 1

Curtiss~Wright Corporation

Wright Aeronautical Division

Attn: Mr. A. M. Kettle, Technical Library

Wood-Ridge, N. ]. 1

Hercules Powder Company

Allegheny Ballistics Laboratory

Attn: Dr. R. Steinberger

Post Office Box 210

Cumberland, Maryland 1

o

¢ .
o F 2

-
~—

e Nyt .

Hughes Aircraft Company
Attn: Librarian
Culver City, California 1

*
Y " SRS

\

¥ ]

) 4

Narmco Research & Development

s.’i Attn: Technical Library
3540 Aero Court H
San Dicgo 23, California 1
Arvthur 0 Litle. Ine.

B R - - -




.DlSTRIBUTION LIST (Continued)

Rohm & Haas Company
Redstone Arsenal Division
Arin:  Library

Redstone Arsenal, Alabama

Tapco Group

Aun: Mr. W. ], Piper
23355 Euclid Avenue
Cleveland 17, Ohio

Thiokol Chemical Corp.
Redstone Division

Ann:  Library

Redstone Arscnal, Alabama

No. of Copies

Arthur D Litdle Ine.

|
§
%

e s At

it .

El
El
3
3




36

DISTRIBUTION LIST (Continued)

No. of Copies

A Department of the Navy

Chief, Bureau of Naval Weapons
Department of the Navy
Aun. Mr. P. Goodwin

Mr. H. Boertzel
Washington 25, D. C.

[« N

Commander

LJ. §. Naval Research Lab

Attn. Mr. E. Kohn, Code 6110

Washington 25, D. C. 1

B Dceparunent of the Air Force

Wright Air Development Division
! Attn: Mr. G. Peterson, ASRCNC-1
Wright-Patterson Air Force Base, Chio |

C Derfense Contractors (For classified reports, the cognizant
_ defense agency through which the report is transmitted will
U be indicated)

Allegheny Ludlum Steel Corporation

Research Center

: Attn: Mr. R. A. Lula

E . Brackenridge, Pennsylvania 1

i
¥
iy
i
%
]
%?

Alloyd Electronics Corporation

Attn: Dr. §. §. White

35 Cambridge Parkway

Cambridge, Mass. 1

&3
P T
bt il

w
i Ly Bl

Aluminum Company of America

' Alcoa Research Labs

' Attn Dr. J. L. Brandt

Post Office Box 772

New Kensington, Pa. 1

I o 0 o o

T

o

T

Arthur D, Little, Ine.

E
S, I TR TS AT

5
i
3
e
4
3
E
3
A
=
=




F ol

T IAMA BN u_ a Ma e ™

.
Yol

DI"TRIBUTION LIST (Continued)

Armuo Steet Corporation
General Offices

Aun: Mr. J. Barnett
Middletown, Ohio

Battelle Memorial Institute
Attn; Mr. R. Monroe

505 King Avenue

Columbus 1, Ohio

Borg-Warner Corporation
Ingersoll Kalamazoo Division
Atn: Mr. L. E. Hershey
1810 N. Pitcher St.
Kalamazoo, Michigan

The Budd Company

Defense Division

Attn: Mr. R. C. Dethloff
Philadelphia 32, Pennsylvania

Climax Molybdenum Company
Attn: Mr. R. R. Freeman
1270 Avenue of the Americas
New York 20, N. Y.

Crucible Steel Co. of America
Attn: Mr, W. L. Finlay

Four Gateway Center
Pittsburgh 22, Pa.

Douglas Atrcraft Company Inc.

Santa Monica Divasion
Attn: Mr. J. L. Waisman
Santa Monica, California

E. 1. du Pont de Nemcurs and Co.

Lastern Laboratories

Aun.  Mr. C. P. Williams
Mr. J. 1. Douglass

Wilmington 93. Delaware

No. of Copies

Arthur 0. Rictle Inc.




38

W
R )

DISTRIBUTION LIST (Continued)

No. of Cogies

General Electric Company

Rocket Engine Section

Fhght Propulsion Laboratory Department

Cincinnat; 15, Ohio 1

H. I. Thompson Fiber Glass Co.
1600 West 135th Street
Gardena, California 1

Kaiser Aluminum & Chemical Corp.
Spokane
) Washington

[

‘- A D. Liitle, Inc.
Aun: Dr. R. Davis

: Acorn Park - A
Cambridge 40, Mass. 1 -

Ladish Company
Attn: Mr. R. P. Dayki,
Cudahy, Wisconsin 1

Lyon, Inc.

Attn: Mr. W. Martin

13881 W. Chicago Boulevard

Detroit, Michigan 1

N
€%

Manufacturing Laboratories

Attn: Dr. V. Radcliffe

21-35 Erie Street

Cambridge 42, Mass. 1

e i * b

vty

Minneapolis-Honeywell Regulator Co.
1230 Soldiers Field Road
Brighton 35, Mass. 1

*

-

Norris-Thermador Corporation
Aun: Mr. L. Shiller

s

£ Hi, 0y
S

5215 South Boyle Avenue
Los Angcles 58, California 1
, I

ir Avthur 0 Little, Ine.




39

DISTRIBUTION LIST (Continued)

No. of CoEies

The Perkin-Elmer Corporation

Attn: Mr. H. L. Sachs

Main Avenue

Norwalk, Connecticut 1

Praut & Whitney Aircraft
Aun: Mr. F. A. Crosby
, East Hartford, Connecticut 1

E

Reactive Metals Corporation
Attn: Mr. H. Lundstrem
Niles, Ohio 1

TR RN AL IR

Republic Aviation Company
l Missile Systems Division
Attn: R, Stegler
! 223 Jericho Turnpike
Mineola, N. Y. 1

[

Ul 0 ol

i i

Republic Steel Corporation

Research Center

Attn: Mr. H. P. Mange.

6801 Brecksville Road

Cleveland 31, Ohio 1

.
‘

il

AR —

Lt gt st

Space Technology Laboratories, Inc.
. Attn: Technical Information Center Document Procurement
,,: Post Office Box 95001
A%' Los Angeles 45, California 1

a0l Bt el M,

) Thiokol Chemical Corporation
.1 Utah Division
] Brigham City, Utah 1

1ttt

Thiokol Chemical Corporation
| Reaction Motoers Division
' Denville, New Jersey 1

Thompson Ramo Woeldridge, Inc.
Tapco Group :
Attn: W, J. Piper

il - 207 Hindry Avenue

1 Inglewood, California 1

g, y .
R

‘ Arthur D Little Inc.




40

DISTRIBUTION LIST (Continued)

o a—

No. of Copies

Titanium Metals Corporation

Aun: Mr. G. Erbin

233 Brecadway

New York, N. Y. 1

R

Universal-Cyclops Steel Corp.

o

A T e BT i oo v PRI TN T G

i Stewart Street E
Bridgeville, Pennsylvania 1 i

1

U'. S. Borax Research Corp. Ly

Attn: Mr. R.J. Brotherton 3

412 Crescent Way }3

Anaheim, California 1

Y )

United States Rubber Company
' Research Center
Aun: Dr. E.]. Joss
. Wayme, N. .
Wyman-Gordon Company
Attn: Mr. A. Rustay
Grafton, Mass. 1

o mMUA\[;

D. Educational Institutions

Massachusetts Institute of Technology
Attn:  Prof. W. A. Backofen 1

Prof. M. C. Flemings 1 |
::‘ Cambridge, Massachusetts
!, Mellon Institute i
v ! Aun: Dr.H.® #..ony 1
[;-’ Mr.C. ).« en
l;;"'! 4400 Fifth Avenue
4 Pittsburgh 13, Pa.

]

Michigan State Unijversity

ttn: Mr. R, N. Hammer
Department of Chemistry
East Lansing, Michigan 1 ]

Ohio State University
Research Foundation
Attn: Dr. R. McMaster ,
Columbus, Ohjo 1 -

Arthur . %ietle Ince.




AdoD sTqelTeAY 3S°d
woxg poonpoaxdsay

Qaa14ISSY 1IN

1600€+8

*TTT QUK 2P0 SNQ
sueqg S "y

uRg Y g

wosuyof "D *d
6£7¢-140
=070-6T-¥ (g 1enuUe)y
§159)}2 91B1 UIEIIS
uwonew0jep 2e1 YSIH
S[RI3W o

Io1aeyaq dnuewig
Junuroj astsordxy

CIIISSYIONT

SuojIRIpLT UONRGIIIS (] ©

(-t

S7UTTT ML TV AL Hodoy wiaaiu) puodag yi ut paquIdssp YIom dxn{re}
01 uonirfuc(a waxopun dnweulp ay) uy pUE Y108 S UY pasn s[erIaew
Su1 ay) JO S318I UIEIIS MO[ 1T sanzadoad pue wawirar) a3y jo Lavw
.uins © sapnjaut osje 1odal s1q] *S{EIIITUL AAY 25 10) suopjenba
5IN3 MO[J WTANSIT PUE SPICIIL DWTI-UITNIS Y1 SURIIOD wodox
sy - Sydzadoroyd paads-udy Ay paUTTIQo PIOIAL BWNI-UIEIIS 4 JU
SANPALISP PUOIAS JY1 JO UOHB[NA[ED SA[0AUL anbiuysai oayy ‘puodas
15¢ 0OC 3O TPIO Byl JO SIIBT UIEIIS I SITLIIITUL 3AY jo $34IR2 MO}
snupudp o) SINSEAW 01pasn udaq sty Jurruiejo uotsurdxd-391f SYL

wuoday patjIsselou]
T6£Z8 ~(IHQ-070-61-V( *
130100 ‘+00-ZE-£68S 199101d ¥/Q 01 SAIqTI - § "sniit - 6p tdd
7961 YOIEN - 7961 Arenue( “€-07/Z°1TT YL TVM "ON woday
*s1AR( ‘S Y PUT UI3IS Y ‘8 wosuyef * *d A ‘ONDNYOA
F1vYH HOIH ¥IANT ¥OIAVHIL TV] FIN 40 ST LITWNVHVA O1svE
‘SSE|N 0% um«:hﬂm:ﬂu ‘feaul ot Q1 nyuy

"TeoN unlSSY arcUy

Q314ISSYIONN

1500¢ %8

*I17010¢ 3pe] SWO
staeQ 'y "¥

ujals 'y ‘4

acsuyof *9 g
6£2¢-A¥0
-020-61-V(1s WeLUOD
8104343 d1TL UIRLIS
uetiTut1c;ap aer Yy
S[EIAW JU

aotaeyaq onuewdq
dutwzoj asisopdxy

QITAISSVIONA

SUOJIBIIW} UOJINGIXISK] ON

“(1-07

720111 M1 TvM) 1odoy wiI21u] puedag 3t uj paquidsap YIom aInfie}
03 uop1eSuo[3 WIOfUN S :ukp Y3 Ul PUE JIOM BY) UL pASN S[eLIIEW
Surx o jo 3181 UIES Mo] 12 BIjLadosd pur uaunEaIl Ayl JO Liew
-wing & sapniouy OS{C 110dax S ‘S[EHAIBW A} 283 X0) suopierts
24IN3 MO[J IUE1}1S3T PUB BPIOIIS AW {1-UIRIIS JY} SUTRIUOD uodar
syl - AydeaBcioyd pasds-yBpy Aq pzuieiqo pi03al SWn-WLns 3y jo
SA[IBALISP PUORAS YT JO UOHIB[ND[ED 83A10AUT anbjuysay 3yl °puodas
a.d 0QOS JO 29pI0 Y1 JO 8DIBI UJEIIS T S[BIIINEW HAY) JO SIAIND MO}
Snurudp 9yl 9InSEAUL 01 PASN uIq sey uts uiy; e Jo uoysuedxa-321) YL

11oday paijisse(dun
16£2¢-QYO-070-61-¥( "ON
1PEIUOD ‘FC0-2E-£68¢ 192{0xd ¥, U 07 8IIqEI - § “EUIL - 6¢ ~dd
12961 YIITIN - Ty6l Axenue[ €-02/7 TIT HL TVM "ON woday
“BIAE(] °S "M PUT Ujal§ v ‘g ‘wosuyo[ D °d 49 *ONINYOA
A1VYH HOIH ¥3CNN ¥OIAVHET TVLIN 40 SUTLFINVEVd DISvE
rseppy ‘OF @8prrquie) ‘toup LT Q anyuy

G LOISSODaY ‘a-v

CIE4ISSY 10N

TeCEs

17410 APCD SIND
SR g 'Y
WA v g

Tsugf 1D g
6£78-C¥O

- TGes IeVGa 1TELULT
3179552 dieq wiTIlg
LoLBwWasgep 021 Y81y
S[e13W jo

I01aeYaq Jweaiy
unwrey sx1sndxy

e e e e e A 8 o o e e o O e s

SUELIEINLLT UOLINGITISK] ON

{1-0%

ST WL TVA) 10¢aY WIXDIT] PUNIBE IYL U PILINSIP AT ainpe;

> 1173005 WIOFIUN MW EWip 513 BT (UR ICA SH{ UL Fasn s[RiIaIBW

SU2 aUi J0 $AIBX UIBIIS MOl R sanzadead pue wauniran ay: jo Lavw

ns p Sapn{IL! 0S[E 1oCar SIYL CS{EUIITUL dAY 58IYL L) SUCHT Lo

51T MO WRIASAT PUR SPI0ODI PUH-UTEIIS DI SUTEIUED undar
s1y cAydeslnoyd poads.ydiy Ag pauteigo pIGIAL AUIL-UIEIS 2
HALTALIAP FULIIS BUL IO GHLIRINI[0Y SAA[CANL anbtuysal Ay U

xad pres 3o I5pIn dYl Ju ST UIELIS 19 S{PIININW DALJ Jo 5210 Y m
Srurudp DY) AINSTAW 0IPASN UM SPY Sutduryy e jouoisurdxo-a0aj 2y

woday patjIsse[ru))
6828 -(THO-020-61-¥0 "ON
Doy ‘p00-76-£688 179101d ¥, 01 SAIgE) - g “snpl - 6f tdd
2961 UaERY - £o61 Arenar tg-0T/TT 111 WL IV CON aoday
-s1anqy -§ ty pum waig v g ‘wosune[ " td A4 CONINNOH
31wy HOMH MIANT HOLAVHTH TN 0 SHITHINVYVA DIV
casTiy o Adprag PIRRER T SRR FEI 0 IR S R tE PR A

QALASSYTIONA

TL0CTES

110108 2ped SWO
s1aeq] 'S "H

ug "y 8§

uyof *0 °d

6£7<-(UO
=(70-01=¥(g TILCD
$138)j0 SI1TI WIS
uvonvwiojap aer ydiy
s{riaw jo

JotaTyg anueudy
Juuetog darsopdyy

G ISSSY 1N

SUCLIBIWIT BORRGIISIQ ON

R

CTUTIT ML TV ) Sedoy WHIG] PLORAS BY. T PAGIETASY AIm DIRT]

¢y uoneRUG[Y W NN JUTUAp Ayl B PUT YIUm S ul pasT siPLIMEW

SBurt sy o S0 Ty ao] 18 sapradead pre tuaunrad ayi e Arpur

1 oaapnpout osfe edax s1yl CR{TIIINU 2N 2N 20 suenireba

AAINY MO[) IUPESAT PUR SPI0DST DWTI-UINLIS Syl SWITIes wucdax

Sigr cAydeaoregd pasds-yliy £q parige p1osar 3 1-UITDS 24 30
DALINALIOP PLOTOSE DU JU VONIBER AT S2a (A anhryral oy s

a0d Quie o JaPI0 BY ju S2IND UIEIS IF §ITLId0U 21} 30 SANINY MOl

ATWTWAP DI AINSTIW 01 PISN LI $TY Sunaunjie o ucisurdxd.001) ayg

woday patjisseidun
CHETE-GHO-LT0-61-Y( "ON
13001800 FOO-TE-F688 179001 ¥ (0 ‘01 $AIGR - § TSI - 6 -dd
“zuel UMEI - 7901 Acnue[ (E-07 77111 ¥1 Tva ToN uudoy
Sstar(l C§ Ty pur nang cy cg Cuesunef 1) 1 A9 "ONINYOA
LIVH HOIH EHONT ¥OIAWVHIE TVEIIN J0 8y
TRSVIN C(F ATPIG Tl

BENEUR R R

bl

Btk




